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ABSTRACT
Reflection of X–rays from cool material around a black hole is one of the few observational diagnostics of
the accretion flow geometry. Models of this reflected spectrum generally assume that the accretion disk can
be characterized by material in a single ionization state. However, several authors have recently stressed the
importance of the classic ionization instability for X–ray irradiated gas in hydrostatic balance. This instability
leads to a discontinuous transition in the vertical structure of the disk, resulting in a hot ionized skin above
much cooler material. If the Compton temperature of the skin is high then even iron is completely ionized, and
the skin does not produce any spectral features. These new models, where the ionization structure of the disk is
calculated self–consistently, require an excessive amount of computing power and so are difficult to use in directly
fitting observed X–ray spectra. Instead, we invert the problem by simulating X–ray spectra produced by the new
reflection models, and then fit these with the old, single zone reflection models, to assess the extent to which the
derived accretion geometry depends on the reflection model used. We find that the single zone ionization models
can severely underestimate the covering fraction of the “cold” material as seen from the X–ray source if the optical
depth in the ionized skin is of order unity, and that this can produce an apparent correlation between the covering
fraction and the X–ray spectral index similar in nature to that reported by Zdziarski, Lubin´ski and Smith (1999).
Subject headings: accretion, accretion disks —radiative transfer — line: formation — X–rays: general —
radiation mechanisms: non-thermal
1. INTRODUCTION
Calculations of the reflected spectrum expected from X–ray
illumination of an accretion disk around a black hole are ex-
tremely important. The reflected continuum and especially its
associated iron Kα fluorescence line (see e.g. Basko, Sunyaev
& Titarchuk 1974; Lightman & White 1988; George & Fabian
1991; Matt, Perola & Piro 1991) are perhaps the only spectral
features expected from optically thick material in the vicinity
of a black hole, so can be used to test theoretical models of ac-
cretion in strong gravity (Fabian et al. 1989, Dabrowski et al.
1997).
This is especially relevant since there is much current debate
on the structure of the accretion flow. The “standard” accre-
tion disk models of Shakura & Sunyaev (1973: hereafter SS)
are clearly incomplete. They can produce UV and soft X–ray
emission, but not the hard X–ray power law out to 200 keV.
This is observed to carry a significant fraction of the luminosity
in Active Galactic Nuclei (AGN) and Galactic Black Hole Can-
didates (GBHC) in their low/hard state. Something other than
the SS disk is required. The two current candidates are either
magnetic reconnection regions above the accretion disk, or that
some part of the accretion flow is in an alternative (non–disk)
configuration.
The idea of magnetically powered active regions above a disk
(e.g. Galeev, Rosner & Vaiana 1979) gained considerable plau-
sibility from the recent discovery that the accretion disk viscos-
ity is driven by a magnetic dynamo (Balbus & Hawley 1991).
Buoyancy could then make the magnetic loops rise to the top
of the disk, where the optical depth is low so that the energy re-
leased in reconnection cannot thermalize (e.g. di Matteo 1998).
Such active regions could give the hard X–ray spectra which are
seen from AGN and Galactic Black Hole Candidates (Haardt,
Maraschi & Ghisellini 1994; Stern et al. 1995; Beloborodov
1999a,b). Spectral transitions between the low/hard state and
the high/soft state in GBHC might then be associated with the
disk becoming radiation pressure dominated. This occurs at
a few percent of the Eddington accretion rate, roughly as ob-
served in Cyg X–1 and other GBHCs. Perhaps magnetic buoy-
ancy transfers more energy out of the disk and into a corona in
gas dominated disks than in radiation pressure dominated ones
(Nayakshin 1999a). Current (though still incomplete) MHD
simulations do show strong magnetic fields in the low den-
sity regions above and below the disk (Hawley 2000), although
they do not yet carry enough power to reproduce the observed
low/hard state (Miller & Stone 2000).
The idea of an alternative accretion flow became a serious
contender with the rediscovery of another stable solution of the
accretion flow equations for mass accretion rates below ∼ 10
per cent of Eddington. The standard SS disk model derives the
accretion flow structure in the limit where the gravitational po-
tential energy is radiated locally. This assumption is relaxed in
the Advection Dominated Accretion Flow (ADAF) models, so
that the energy can be transported radially (advected), as well as
radiated locally. There are two key (and currently uncheckable)
assumptions underlying this: firstly that the viscosity mecha-
nism gives the accretion energy to the protons (as opposed to
both protons and electrons) and secondly that the protons trans-
fer this energy to the electrons only via (rather slow) electron–
ion (Coulomb) collisions. This gives an accretion flow which is
optically thin, geometrically thick and hot, with typical electron
temperatures of order 200 keV as observed (e.g. Narayan &
Yi 1995). This model provides a rather natural explanation for
the low/hard to high/soft spectral state transitions in GBHCs, as
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ADAFs cannot exist at high mass accretion rates. The electron–
ion collision rate increases with the density of the flow, and so
above a mass accretion rate of ∼ 10 per cent of Eddington (as
long as the disk viscosity parameter α ∼ 0.2; Esin, McClintock
& Narayan 1997, Quataert & Narayan 1999) the electrons can
drain most of the energy from the protons. Advection is then
unimportant as the electrons radiate the gravitational energy re-
leased locally, and the flow collapses into an SS disk.
In the one model, there is an optically thick disk extending
down to the last stable orbit at 3 Schwarzschild radii. In the
alternative, the inner disk is truncated, with the optically thick,
cool flow replaced by an optically thin, X–ray hot plasma. The
reflected spectrum gives an observational test between these
two scenarios. Firstly the amount of reflection should be dif-
ferent. A disk with active regions above it should subtend a
solid angle of roughly 2pi, whereas a truncated disk with the X–
ray hot plasma filling the “hole” in the disk will subtend a rather
smaller solid angle. Secondly, for the SS disk there is material
down to the last stable orbit. Reflection features from the inner
disk should then be strongly smeared and skewed by the com-
bination of special and general relativistic effects expected in
the vicinity of a black hole (Fabian et al. 1989). This material
is not present in the truncated disk models, so they should have
narrower lines.
The seminal ASCA observation of the AGN MCG–6–30–15
showed that the line is so broad that accretion disk models re-
quire that the material extends down to at least the last stable
orbit in a Schwarzschild metric (Tanaka et al. 1995), and that it
subtends a solid angle of∼ 2pi with respect to the X–ray source
(Lee et al 1999). This very clear cut result gives strong support
for the existence of an SS accretion disk, although other inter-
pretations in terms of optically thick, highly ionized cloudlets
close to the black hole rather than a smooth disk flow may be
possible (Karas et al 2000).
However, the line and reflected continuum seen from the
GBHCs in their low/hard state (where the X–ray continuum
bears a remarkable similarity to that from Seyfert 1 type AGN)
are not the same as that seen in MCG–6–30–15. The GBHC
have reflection amplitudes which are rather less than expected
for a hard X–ray source above a disk (e.g. Gierlinski et al.
1997; Done & Z˙ycki 1999). The iron line does not generally
show the extreme smearing associated with material within 5
Schwarzschild radii, although there is detectable broadening
of the line showing that there is cool, optically thick material
within ∼ 10 − 20 Schwarzschild radii (Z˙ycki, Done & Smith
1997; 1998; 1999; Done & Z˙ycki 1999). It is also emerging that
while some Seyfert 1 AGN do have extremely broadened iron
lines like MCG–6–30–15 (e.g. NGC 3516; Nandra et al. 1999),
others look more like the GBHC in not having the extreme
skewed lines expected from the very inner disk (e.g. IC4329a;
Done, Madejski & Z˙ycki 2000), and that many do not show re-
flection subtending the expected 2pi solid angle (Smith & Done
1996; Zdziarski, Lubin´ski & Smith 1999).
Can this be interpreted as a strong evidence that the accretion
flow is not always given by an optically thick disk? Such a con-
clusion is plainly consistent with the data. Perhaps the objects
with extreme line profiles have high mass accretion rates, where
the ADAF’s cannot exist. Perhaps these are the analogue of the
GBHC in their high/soft state (Done & Z˙ycki 1999; Zdziarski
et al. 1999). Alternatively, Ross, Fabian & Young (1999) argue
that the lack of strong reflection and extreme relativistic smear-
ing does not necessarily imply the absence of an inner disk, be-
cause the reflection signature from the disk can be masked by
complex ionization effects. For completely ionized gas, there is
no photo–electric absorption opacity left, so the reflected spec-
trum is simply due to electron scattering in the disk atmosphere.
There is then no characteristic iron line or edge feature from the
inner disk, so the extreme relativistically smeared components
of the line are not present.
However, illumination of a disk with density given by the
SS models results in a power law distribution of ionization
state with radius (Ross & Fabian 1993; Matt, Fabian & Ross
1993). This does not fit the data when the inner radii have a
high enough ionization to mask their reflected signature (Z˙ycki
et al., 1998; 1999; Done & Z˙ycki 1999). The key problem
is that the observed reflected spectra from the low/hard state
GBHC are relatively neutral (Z˙ycki et al., 1998; 1999; Done
& Z˙ycki 1999). Yet if the inner disk is extremely ionized,
then there should exist a transition region in which the disk
is cool enough for H– and He–like iron to exist, before get-
ting to the low–to–moderate ionization material at larger radii.
These species give an unmistakable reflected signature, with
very strong, highly ionized line and edge features (Lightman
& White 1988; Ross & Fabian 1993; Matt, Fabian & Ross
1993ab; Z˙ycki et al., 1994; Matt, Fabian & Ross 1996; Ross,
Fabian & Brandt 1996), which are simply not present in the
data. This leads to the conclusion that either the disk really
does subtend a small solid angle to the X–ray source, or that
its ionization state drops dramatically (as a step function rather
than a power law) from extreme ionization to relatively neu-
tral (Done & Z˙ycki 1999), or/and that the X–ray source does
not illuminate the inner disk (e.g. through the anisotropic illu-
mination pattern resulting from trans–relativistic outflow from
magnetic reconnection: Beloborodov 1999a,b).
This argument is based on reflection models which neglect
the energy change which can result from Compton scattering
below ∼ 10 − 15 keV, and assume that the ionization state is
constant with depth in the material. In practice, at high ion-
ization states the electron temperature in the disk can be high
enough to cause appreciable Comptonization smearing of the
resulting reflected spectrum and line. Also, there is vertical
ionization structure of the illuminated material, the details of
which depend on the vertical density structure of the disk (Ross
& Fabian 1993; Z˙ycki et al 1994; Matt, Fabian & Ross 1996;
Ross, Fabian & Young 1999). Ross, Fabian & Young (1999)
argue that these effects alone are sufficient to hide the other-
wise unmistakable signature of highly ionized reflection from
H– and He– like iron, but this has yet to be tested against real
data.
However, all these works use an assumed vertical density
structure. This is a very crude simplification, which can
severely misrepresent the reflection signature from the disk
(Nayakshin 1999b; Ross, Fabian & Young 1999). X–ray il-
lumination changes the density structure of the material. Mate-
rial at the top of the disk is heated by the illumination, and so
can expand, lowering its density. Deeper into the disk there is
less X–ray heating, so the material is cooler, and hence denser.
The self–consistent density structure is especially important as
there is a thermal ionization instability which affects X–ray illu-
minated material in pressure balance (Field 1965; Krolik, Mc-
Kee & Tarter 1981; Kallman & White 1989; Ko & Kallman
1994; Ro´z˙an´ska & Czerny 1996; Ro´z˙an´ska 1999; Nayakshin,
Kazanas & Kallman 2000, hereafter NKK). This can result in
the ionization state of the material changing very rapidly, with
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a highly ionized skin forming on top of a mainly neutral disk.
If the ionization state of the skin is high enough to completely
strip iron then it is almost completely reflective, and forms no
spectral features. The observed reflected signature is then dom-
inated by photons reflected from deeper in the disk, where the
material is mainly neutral. Although the material is still ex-
pected to be less ionized at larger radii, the meaning of less ion-
ized is very different from that in the constant density models –
the skin remains completely ionized with a negligible amount
of H– and He–like iron, but its Thomson depth decreases with
radius (see Nayakshin 2000). The instability gives a physical
mechanism for a discontinuous transition in ionization state, as
required by the data.
The small observed solid angle subtended by the disk could
then be an artifact of fitting single zone ionization models to
data from systems with more complex ionization structure. Ide-
ally we would want to reanalyze the data, fitting these X–ray
illuminated disk reflection models to derive the solid angle sub-
tended by the reflecting material. If these models give a worse
fit to the data than the single ionization models, or if they give
a derived solid angle of the reflector which is much less than
2pi then the “hole in the disk” geometry inferred from the sin-
gle zone ionization models is still favored. If instead the com-
plex ionization reflector models are a better fit to the data and
give a solid angle which is compatible with 2pi then the SS disk
with magnetic coronal X–ray source is probably correct, and
the previous results which ruled out this geometry are a model
dependent interpretation of the data.
However, direct data fitting is prohibitively CPU intensive.
The models require simultaneous computation of the hydro-
static, ionization and energy balance for the illuminated gas
plus optically thick radiation transfer and relativistic effects to
determine the reflected spectrum. A single model calculation
requires ≈ 1 day of CPU on a 500 MHz workstation. Given
this, we have chosen to tackle the inverse problem. Instead of
fitting real data with the complex ionization reflector code, we
use the complex ionization reflector code to synthesize a spec-
trum with the same signal–to–noise and spectral resolution as
given from typical GINGA observations of the low/hard state
spectra from Galactic Black Hole Candidates. We then fit this
model spectrum with the standard (and computationally very
fast) single zone ionization reflection models which are widely
used in X–ray spectral analysis. We can then quantify the effect
of using the single zone ionization reflection models to describe
a more complex ionization disk structure.
We show that the resulting spectra from a complex ioniza-
tion structure disk subtending a solid angle of 2pi are well fit
over the 2–20 keV range by the single zone reflection models,
but that the presence of the ionized skin leads to an underes-
timate of the covering fraction of the reflector. The SS disk
models then cannot be ruled out by the fact that single zone
ionization reflector models derive a solid angle of ≪ 2pi. The
complex ionization structure disks can also produce a correla-
tion between the amount of reflection as measured by the sin-
gle zone ionization models and the spectral index (as observed
e.g. by Zdziarski et al., 1999) without changing the solid an-
gle subtended by the disk. We end by discussing how we can
observationally distinguish between the truncated disk models
and complex ionization structure.
2. THE SPECTRAL MODEL
We use the code of NKK to calculate the reflected spectrum
from an X–ray illuminated disk atmosphere. This code com-
putes the vertical structure assuming hydrostatic equilibrium,
solving simultaneously for the density, ionization structure and
energy balance of the illuminated gas, as well as doing the
radiative transfer for the continuum and emission lines. Lo-
cally, the amount of photo–ionization can be described by the
parameter, Ξ = Fx/(cPgas), which is the ratio of the illumi-
nating radiation pressure (Fx/c, where Fx is the illuminating
hard X–ray flux) to the gas pressure (Pgas = 2.3nHkT act-
ing outwards, where nH is the hydrogen density and T is the
temperature). This relates to the more usual density ionization
parameter ξ = 4piFx/nH by ξ = 2.3ΞkT/4pic.
As results of NKK show, the vertical density structure of the
illuminated layer is rather complex (see also Nayakshin & Kall-
man 2000), as the gas in radiative equilibrium with the illumi-
nating X–rays is subject to a thermal pressure ionization insta-
bility (Krolik, McKee & Tarter 1981). In the context of the
given problem, the instability can be described as following.
The X–ray heating clearly depends on height, with the material
at the top of the layer being heated the most. Because the ma-
terial is in pressure balance, the gas pressure is smallest at the
top of the disk, so Ξ is at its maximum here. This corresponds
to the uppermost stable branch of the ionization equilibrium S–
curve (see Fig. 1 in NKK), with low density material which is
highly or completely ionized. Atomic cooling is negligible so
the temperature is a fraction of the local Compton temperature
(see Krolik et al., 1981 and Nayakshin 2000a); Compton heat-
ing is balanced by bremsstrahlung and Compton cooling. Go-
ing deeper down into the disk, the X–ray heating decreases with
optical depth to electron scattering, τh, and the gas pressure in-
creases. Hence, both the temperature and ionization parameter
Ξ decrease. However, there is then a turning point on the S–
curve (point c in Fig. 1 of NKK). At this point the temperature
and density is such that the rapidly increasing bremsstrahlung
cooling causes the temperature to dramatically decrease. This
pulls the gas pressure down, but hydrostatic equilibrium re-
quires that the gas pressure must monotonically increase as a
function of depth into the disk. The only way for the pressure
to increase in a region with rapidly decreasing temperature is
to rapidly increase the density, but this pushes up the cooling
still further, and so decreases the temperature. Ionic and atomic
species can now exist, so line transitions give a yet further in-
crease in the cooling. Eventually this stabilizes onto the bottom
part of the S curve, where the X–ray heating is balanced primar-
ily by line cooling from low temperature, high density material.
This results in an almost discontinuous transition from a highly
ionized, hot and relatively tenuous skin to mainly neutral, cool
and relatively dense material over a very small (∆τh ∼ 10−3 –
see Appendix in NKK) change in optical depth at Ξ = Ξ∗ ∼
few.
The optical depth where this instability occurs plus the
Compton temperature (which depends on the illuminating
power law as well as the local thermal disk spectrum) are the
main determinants of the resulting reflected spectrum. The ma-
jority of the reflected flux arises from the hot layer if its op-
tical depth τh > 1. The reflected spectrum then contains the
imprints of the ionized material which can be either highly ion-
ized (where iron is mainly He– or H–like), or extremely ionized
(where even iron is completely stripped of bound electrons) de-
pending on the equilibrium Compton temperature (Nayakshin
& Kallman 2000). For smaller optical depths, τh < 1, most of
the reflection occurs in material below the ionization instability
point, so the reflected spectrum contains the signatures of the
cool material at low ionization states. NKK define a dimen-
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sionless parameter A, which is essentially the ratio between
the gravity force and that from the X–ray radiation pressure
(1.2nHσtFx/c). Where gravity is dominant (A >> 1) then the
vertical disk structure is close to that of an un–illuminated disk
(assumed here for simplicity to be the Gaussian density pro-
file expected from a gas pressure dominated disk: Shakura &
Sunyaev 1973) and the optical depth of the hot, ionized layer is
very small. Conversely, where A << 1 then the illumination
determines much of the vertical structure, and the optical depth
of the hot layer is large. NKK give a simple analytic approx-
imation to this hot layer optical depth of τh ∼ (Ξ∗A)−1 (see
also Kallman & White 1989; Nayakshin 2000 for more accu-
rate analytical estimates of τh).
Given that the observations of flat spectrum AGN and
low/hard state GBHC seem to show small but not negligible
amounts of low to moderate ionization reflection, then the pa-
rameters which are most likely to reproduce this are τh ∼ 1,
which corresponds to A ∼ 0.3 for hard spectra. If the Compton
temperature in the upper, ionized skin is high enough then the
reflected spectrum from this will be featureless, and so not de-
tected in X–ray spectral fitting. The observable reflection signa-
ture will then be given only by the material below the ionization
instability point, where the incoming flux has been decreased
by scattering in the hot layer. This reflected continuum then has
to escape out through the hot layer, so scattering again reduces
its amplitude and introduces some broadening to the reflected
features.
A truly self–consistent model should uniquely determine the
illuminating flux at the surface of the disk as a function of
the system parameters (mass, radius and mass accretion rate
through the disk). Since the X–ray energy generation mech-
anism for magnetic flares is not yet understood in detail then
such a model is not yet available. Instead we assume a given
X–ray illuminating flux in order to demonstrate the physical be-
havior of a disk atmosphere irradiated by magnetic flares. We
calculate the angle averaged upward reflected spectra (corre-
sponding to an inclination of ∼ 60◦) resulting from a disk at
R = 10RS (RS = 2GM/c2, the Schwarzschild radius), with
an accretion rate of m˙ = 10−3m˙Edd onto a super–massive
black hole of 108M⊙. The large black hole mass means that
we avoid disk photons potentially contributing to the observed
bandpass. We assume a power law illuminating continuum with
exponential cutoff at 200 keV. The illumination parameter is
fixed at A = 0.3, and the resulting angle averaged upward re-
flected spectra (so corresponding to an inclination of∼ 60◦) are
calculated for photon indices of Γ = 1.5, 1.7, 1.9, 2.1, 2.3 and
2.5. We do not include any general or special relativistic shifts
for simplicity. Figure 1 shows the reflected spectra (without the
illuminating power law) and the gas temperature profiles for the
6 different values of Γ.
3. OVERALL 2–20 KEV SPECTRAL SHAPE
We simulate a 10ks observation with the GINGA X–ray
satellite, using the fakeit command in XSPEC (Arnaud
1998), adding 0.5 per cent systematic errors to the results since
it seems unlikely that any satellite will be calibrated to better
than this limit. We compare these simulated spectra with the an-
gle dependent reflection code of Magdziarz & Zdziarski (1995),
with ion populations calculated as in Done et al. (1992), imple-
mented in the pexriv model in XSPEC. This calculates the
continuum reflection for an input spectrum which is a power
law with exponential cutoff. It does not include the associated
iron line, so this is put in as a narrow (intrinsic width fixed at
0.1 keV) Gaussian line of free normalization, and energy (ex-
cept that this latter is constrained to be between 5.5 and 7.5
keV, as expected for iron with some shifts allowed for Doppler
and gravitational effects). We assume solar abundances (Mor-
rison & McCammon 1983) and an inclination of 60◦. We also
include a free absorbing column in our fits so as to match as
closely as possible the uncertainties which arise in fitting real
data.
Figure 2 shows the spectral index and amount of reflection
inferred from fitting the simulated datasets with the pexriv
model, with full results given in Table 1. There is a clear cor-
relation of the amount of reflection and its ionization state with
spectral index. For hard spectra the ionization of the detected
reflected spectrum is low, and the amount of reflection is much
less than unity. This is because the Compton temperature of the
upper layer of the disk is high, its ionization is extreme and it is
Thomson thick (τh ≃ 1, see Fig. 1). This produces a reflected
spectrum which is mostly from electron scattering in the skin,
which has few spectral features and cannot easily be identified
as reflected flux. The ionization drops dramatically at the depth
where the ionization instability sets in, so there is also a small
reflected component from low ionization material which is fit
by the pexriv model. However, this itself has to escape out
through the skin, and so some fraction is Compton scattered,
reducing the line and edge features from the low ionization re-
flected spectrum, but keeping its overall shape.
For steeper spectra the Compton temperature of the upper
layers drops, so that its ionization is not so extreme, leading to
strong spectral features from the ionized upper layer, plus the
skin is actually thinner (see Fig. 1), and hence most of the re-
flected flux is easily identified. Figure 2 also shows the detected
line equivalent width. It is generally low, but consistent with
the theoretically expected equivalent width for the given ion-
ization state (assuming that resonant trapping is not important)
and spectral index, scaled by the observed solid angle (Z˙ycki &
Czerny 1994; George & Fabian 1991).
The high energy cutoff is never detected (see Table 1), de-
spite the fact that an exponential roll–over temperature at 200
keV gives a 10 per cent effect at 20 keV. This is probably due
to the weak line and edge features compared to the Compton
hump in the complex models due to Compton scattering of the
low ionization reflected signature in the skin. Therefore, for
a given reflected continuum, the models of NKK always have
less of the absorption edge than the single ionization zone mod-
els (see also Ross, Fabian & Young 1999 who came to similar
conclusions for exponential density profiles).
Hence, when using the single zone models, by fixing the
depth of the photo–absorption edge (with the edge energy fix-
ing the ionization state), one in fact picks a particular value for
R already. This value is too small to reproduce the continuum
reflection rise of our models shown in Fig. 1, but the fitting
compensates for this by increasing the exponential cutoff en-
ergy. However, we caution that an exponential cutoff is much
less sharp than the roll–over in a true Comptonized spectrum,
so this aspect of the modeling need not be reproduced in detail
by real illuminated disks.
All the fits are statistically very good, with χ2 ≤ 25 for 22
degrees of freedom. However, there should be some observ-
able features from these disk models with structured ioniza-
tion which distinguish them from simple single ionization state
models. Figure 3 shows the total spectrum and reprocessed
components from the Γ = 1.5 flat spectrum simulation, to-
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TABLE 1
SIMULATED GINGA SPECTRA FROM THE ILLUMINATED DISK MODELS OF NAYAKSHIN ET AL., (2000) FIT TO SIMPLE
REFLECTION MODELS (WITH ASSUMED SOLAR ABUNDANCES AND INCLINATION OF 60◦). ERRORS ARE CALCULATED FOR
∆χ2 = 2.7
Intrinsic Γ Fit Γ Ecuta Normb Ω/2pic ξd Line Energye Line Eqw (eV) χ2ν
1.5 1.57+0.01
−0.02 > 1100 2.3 0.31
+0.04
−0.05 63
+172
−62.9 6.2
+0.8
−0.7 11
+12
−11 12.9/22
1.7 1.76+0.02
−0.01 > 1000 5.4 0.36± 0.05 8.5
+80
−8.4 6.3
+0.5
−0.6 18± 14 16.5/22
1.9 1.97+0.01
−0.02 > 1000 7.2 0.47± 0.06 20
+80
−19.3 6.3
+0.3
−0.2 30
+20
−15 18.1/22
2.1 2.19± 0.02 > 1200 10.0 0.63+0.07
−0.06 140
+190
−85 6.4± 0.2 45
+16
−17 25.2/22
2.3 2.39± 0.02 > 1200 13.2 0.72+0.08
−0.07 300
+490
−150 6.5± 0.2 42
+19
−18 25.2/22
2.5 2.58± 0.02 > 800 17.1 0.8± 0.09 630+800
−320 6.4± 0.2 38
+18
−16 10.9/22
aExponential cutoff energy (keV)
bNormalization at 1 keV
cSolid angle subtended by the reprocessor with respect to the X–ray source.
dIonization parameter of the reprocessor
eLine energy (keV) constrained between 5 and 7 keV for stability of the fit
gether with the best fit model using the pexriv simple (single
zone) ionization reflected spectrum. Plainly the absorbed power
law and its reflected (pexriv) component give an excellent fit
to the total spectrum derived from the complex ionization state
models, but the individual components are not at all well mod-
eled. The true reflected flux is dramatically underestimated and
the derived “intrinsic” spectrum is somewhat steeper. These
two together would give a rather steeper total spectrum, but this
is compensated for by the lack of high energy cutoff in the fitted
spectrum. With broad band data, extending significantly above
20 keV then there should be significant residuals from fitting
true complex ionization spectra with the pexriv code.
Even in the 2–20 keV band it is plain that there is excess
reflected flux at low energies in the stratified ionization model
which is not matched by the single zone ionization state code.
This excess is at the 10 per cent level, and should easily be de-
tectable. We include a broad soft excess component in the fit to
mimic this, using the compst (Sunyaev and Titarchuk 1980)
model in XSPEC. This leads to a significant reduction in χ2
for the flat spectra (see table 2). The resulting reduced χ2 val-
ues are typically very much less than unity because the model is
sometimes an adequate fit to the simulated data without system-
atic errors (photon counting errors are of the order of 0.05 per
cent!). Error ranges are then derived from∆χ2/χ2ν = F = 2.7,
rather than the standard ∆χ2 = 2.7 which assumes that the fit
has χ2ν ∼ 1. Several of the parameters are tightly correlated, so
error ranges on a single parameter are somewhat misleading.
Figure 4 shows the resulting fit to the simulated Γ = 1.5
spectrum. Comparison with Figure 3 shows that the broad soft
excess component is used to describe the highly ionized re-
flected flux at low energies, while the fitted reflected flux is still
dramatically underestimated.
4. DISCUSSION
4.1. Small covering fraction
The classic ionization instability can cause a dramatic transi-
tion in the vertical structure of an X–ray illuminated accretion
disk, with an extremely ionized skin overlying low ionization
material. With flat spectrum illumination the Compton tem-
perature of the skin is high enough that even iron is completely
stripped, so it only scatters the incident power law radiation and
does not create any atomic features in the reflected spectrum
(such as emission lines and photo–absorption edges). The only
observable reflected signature then comes from the material be-
low the ionization instability, which has low–to–moderate ion-
ization. The instability suppresses any signature of H– and He–
like iron, which was the key argument used by Done & Z˙ycki
(1999) against substantial ionization of the disk. Where the op-
tical depth in the ionized skin is∼ 1 then the observed reflected
spectrum and line derived from single zone ionization models
is suppressed by about a factor 3–4, as observed in the flattest
AGN and GBHC. Thus, the geometry in which the disk covers
half the sky as seen from the X–ray source (e.g., magnetic flares
above a disk) can be consistent with the observed data because
the reflected spectra computed with hydrostatic balance models
appear to have a small reflection fraction when fitted with the
current single–zone models. However, more detailed studies of
this issue, with radial stratification of the skin properties, and
with effects of possible X–ray induced evaporation (which is
important for magnetic flares, see NKK) is needed to resolve
the issue truly self–consistently.
We estimate that Thomson depth of the skin should be in
the range of unity to few to explain spectra typical of hard
state of GBHCs. At first glance, this seems to be a rather nar-
row range in parameter space, making the model appear con-
trived. However, the dependence of τh on Fx becomes very
weak once τh >∼ 1, because the incident X–rays are efficiently
down–scattered in the skin. As discussed by Kallman & White
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TABLE 2
SIMULATED GINGA SPECTRA FROM THE ILLUMINATED DISK MODELS OF NAYAKSHIN ET AL. (2000) FIT TO SIMPLE
REFLECTION MODELS AND A SOFT EXCESS COMPONENT. ERRORS ARE CALCULATED FOR ∆χ2 = 2.7× χ2ν
Intrinsic Γ Fit Γ Norm kT τ Compst Norm Ω/2pia ξb χ2ν
1.5 1.37+0.09
−0.08 1.4 1.9
+0.6
−0.2 15.5
+1.5
−2.5 0.6 0.12
+0.13
−0.09 60
+2000
−56 1.00/19
1.7 1.55± 0.1 3.3 1.9+1.3
−0.2 14± 4 1.6 0.14
+0.39
−0.14 4
+∞
−4 3.85/19
1.9 1.75+0.08
−0.11 4.2 2.1
+1.4
−0.3 11.6
+2.6
−2.7 2.6 0.23
+0.38
−0.11 50
+930
−46 4.05/19
2.1 1.90+0.06
−0.04 5.4 1.8
+0.7
−0.3 11
+1
−3 4.0 0.22
+0.18
−0.08 900
+3000
700 3.66/19
2.3 2.12+0.06
−0.08 7.5 1.5
+0.6
−0.2 11.5
+1.3
−1.5 4.9 0.2
+0.16
−0.06 3000
+16000
−1000 5.36/19
2.5 2.40± 0.04 11.9 1.3+0.5
−0.3 12± 3 3.7 0.37± 0.07 3000
+3000
−1000 2.50/19
aSolid angle subtended by the reprocessor with respect to the X–ray source (assuming solar abundances and inclina-
tion of 60◦)
bIonization parameter of the reprocessor
(1989) and Nayakshin (2000a), it is then very difficult to pro-
duce τh >∼ τ∗ ∼ a few even with arbitrarily large values of Fx.
Therefore, the range of “acceptable” values of Thomson depths,
1 <∼ τh
<
∼ few, may actually correspond to a change in the X–
ray ionizing flux by several orders of magnitude, and hence the
model may be quite robust in the parameter space.
4.2. Covering fraction – spectral index – ionization
correlation
We find a strong apparent correlation between the inferred
intrinsic spectral index and the amount of reflection and its ion-
ization (see Fig. 2 and Table 1). The gas pressure at which the
transition from the hot to the cold material occurs, Pt, scales
with the Compton temperature as Pt ∝ T 3/21 (see eq. 4 in
Nayakshin 2000a). Therefore, the cold layer lies closer to the
top of the skin for larger Γ for a given illuminating flux. In our
numerical simulations the Thomson depth of the skin changes
from τh ≃ 1.0 for Γ = 1.5 to τh ≃ 0.2 for Γ = 2.5 (see Fig. 1).
The thicker the skin, the more it masks the cold material below
it (e.g., see NKK), and so the correlation between Γ and Ω/2pi
that we found in this paper is to be expected.
The correlation of the inferred ionization state (ξ) with Γ
comes about as a consequence of changes in τh and the ac-
tual ionization state of the skin with changes in the spectral in-
dex. In particular, when Γ increases, the Compton temperature,
and hence the skin’s temperature, decrease (see Nayakshin &
Kallman 2000 on this). For Γ >∼ 2, the skin is highly ionized,
rather than extremely ionized, and so it produces strong features
from H– and He–like iron. However, its optical depth is not
very large for the parameters chosen in this paper (see Fig. 1).
Hence, there is a substantial contribution to the reflected spec-
trum from the low to moderate ionization material under the
ionized skin. The “observed” ionization state is a compromise
between the optically thin, ionized skin and the low ionization
material below, which then leads to the inferred correlation of
ξ and Γ.
It is also interesting to note that a larger Thomson depth of
the ionized skin leads to larger integrated X–ray albedo, a. The
thermal flux resulting from reprocessing of the incident X–ray
flux is Frepr = (1 − a)Fx. Thus, the thicker the ionized skin,
the less reprocessed radiation will emerge, which means that
Compton cooling of the magnetic active regions above the disk
will be reduced. This is why Nayakshin (1999b) and Nayak-
shin & Dove (2000) find that larger values of τh lead to hotter
coronae above the disk, i.e., smaller values of Γ if the optical
depth of the corona is fixed. In other words, a complete self–
consistent calculation, where Γ is not a fixed parameter, but it
is rather found via balancing energy heating and cooling in the
corona would produce even stronger apparent correlation be-
tween Γ and Ω/2pi than the one we found here. These findings
appear to be very relevant for the recently found correlations be-
tween Γ and Ω/2pi for a sample of AGN and GBHCs, as well
as for some individual sources (e.g., Zdziarski, et al. 1999).
Note also that the correlation between ξ and Γ inferred in our
models suggest that sources with steeper X–ray spectra should
produce spectra that appear to be more ionized than those of
sources with harder spectra. This statement is only correct in
the statistical sense, though. Namely, if for every Γ there is a
range of illumination parameters A, then at a given A, there
will be a correlation of ξ and Γ similar to that shown in Fig. 1.
Folded with a range of A for every Γ, one still expects to see a
similar correlation, probably somewhat weaker than the one we
found here. This theoretical expectation does indeed appear to
match the behavior of the (steep spectrum) Narrow Line Seyfert
1’s, which have a large amount of ionized reflection (NLS1 –
Pounds, Done & Osborne 1995; Vaughan et al. 1999). This
supports the picture where the difference between NLS1s and
normal Seyfert 1s is that NLS1s accrete at a high fraction of
the Eddington limit (Pounds et al. 1995), as the steep spectrum
gives a low Compton temperature and so reflection from highly
ionized as opposed to extremely ionized material. However,
this correlation does not hold for MCG–6–30–15, which has a
steep spectrum together with a large amount of apparently neu-
tral reflection (Lee et al 1999; Zdziarski et al 1999), although
the variability of the line may indicate that ionization effects are
important (Reynolds 2000).
4.3. Multi–radius reflection spectra
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Clearly the models used here are incomplete. The optical
depth of the ionized layer changes as a function of radius, and
relativistic smearing effects should also be included. How-
ever, it is clearly necessary to develop a basic understanding of
how the complex ionization models differ from simplified sin-
gle zone ones for a specific radius with no relativistic effects.
Having understood that, one can move to the reflected spectra
for complete disks, which we plan to do in future work.
Based on physical intuition and some preliminary work, we
can speculate on the full disk spectra. NKK and Nayakshin
& Kallman (2000) show that if the illuminating X–ray flux,
Fx, exceeds that of the locally produced disk thermal emis-
sion, Fd, and the X–ray spectrum is relatively hard, i.e., Γ <∼ 2,
then the skin is nearly completely ionized. The depth of the
completely ionized skin decreases with increasing radius in the
disk (see Nayakshin 2000a). Hence, larger radii contribute rela-
tively more of the atomic features (e.g., Kα line and iron edges)
to the overall spectrum, while smaller radii contribute less. If
τh >> 1 in the inner disk then the extremely relativistic re-
flected signature will be absent from the data. A low ionization
reflection signature is only seen from radii larger than the point
at which τh ∼ 1. This would suppress the broadest components
of the iron line, so could make the derived line profile look qual-
itatively like that from a truncated disk (see Fig. 2b in Nayak-
shin 2000b). One still hopes that detailed and direct spectral
fitting, combined with future more sensitive observations, will
allow us to discriminate between the physically truncated and
completely ionized disks.
4.4. Soft X–ray excess
The key element in the complex ionization models is that for
hard X–ray spectra the ionization instability results in a sharp
discontinuity between the extremely ionized (invisible) skin
and the low ionization material which gives a clearly identi-
fiable reflection signature. Given further complications that can
arise due to relativistic broadening in the disk, it is quite likely
that the full X–ray illuminated disks have a reflected continuum
which can mimic that of a truncated disk. Can we then distin-
guish between these two models? We have shown that there
are observational tests. Firstly broad bandpass, high signal–to–
noise data should show the deficiencies in the pexriv model
fit (see Figure 3). Such data currently exist only for the Galac-
tic Black Hole Candidates, with Cyg X–1 having the best deter-
mined spectrum (Gierlinski et al. 1997; di Salvo et al. 2000).
These clearly show that the reflected spectrum from single ion-
ization state material illuminated by a Comptonized continuum
is insufficient to describe the observed spectral curvature.
Further, even in the 2–20 keV bandpass there is an observable
difference between the single zone and complex ionization re-
flection models. The complex ionization disks predict the exis-
tence of a highly ionized reflected skin which contributes to the
spectrum at low energies. Physically, since there is no photo–
absorption opacity left in the skin, photons of all energies are
scattered (reflected) rather than being absorbed in the skin.
The low ionization reflection component has negligible flux
at low photon energies (see, e.g., Basko et al. 1974, Lightman &
White 1988), so that spectrum from complex ionization models
yields a soft excess as compared with the single–zone models,
which can be modeled by a broad spectral component at low
energies. An additional and significant source of the soft X–ray
excess is the bremsstrahlung emission in the skin, and Comp-
ton down–scattered reflected flux. According to the analytical
theory of the Compton–heated completely ionized skin (Krolik
et al. 1981; Nayakshin 2000), cooling due to bremsstrahlung
emission constitutes between∼ zero (at the top of the skin) and
2/3 of the total cooling rate (on the bottom). The character-
istic temperature at which the Compton–heated branch ceases
to exist is of order a few hundred eV to a few keV (see Fig.
1), so that the soft X–ray excess will be rolling over at similar
energies, consistent with our results here.
There is a considerable evidence for a similar soft excess in
the Galactic Black Hole Candidates. Cyg X–1 plainly shows
such a component in ASCA (Ebisawa et al., 1996) and SAX
(di Salvo et al., 2000) data, and this is probably the reason
why the RXTE results include a blackbody at ∼ 1 keV rather
than a reflected component (Dove et al 1997). Figure 5a shows
the PCA RXTE data of Cyg X–1 (dataset 10241, as used by
Dove et al., 1997) fit to a simple single zone ionization model
(χ2ν = 19.1/38), while Figure 5b shows the resulting fit includ-
ing soft component (χ2ν = 11.5/35). The spectrum is much
better described with the inclusion of the soft component. The
resulting spectral curvature is detected at ≥ 99 per cent confi-
dence on an F = (∆χ2/δν)/χ2ν = 7.7 test, and these real data
look remarkably like the synthesized model spectra shown in
Figure 4.
Clearly this can be interpreted as strong evidence for the ex-
istence of complex ionization structure in the accretion disk.
However, this is not unambiguous as the GBHC have other
ways to produce spectral curvature since the seed photons from
the disk are so close to the energy range observed. A trun-
cated disk with hot inner flow produces a Comptonized spec-
trum where the first few scattering orders are anisotropic, since
the illuminating disk photons are anisotropic. This produces
a soft excess of about 10 per cent of the isotropic spectrum,
i.e. similar in size to that expected from the complex ionization
reflected spectrum (P.T. Z˙ycki, private communication). Addi-
tionally, the transition between the cool truncated disk and hot
inner flow is unlikely to be completely sharp, and there may be a
further soft component from heated disk material. These would
both affect the GBHC spectra more than those from AGN, so
perhaps the true test of whether the disk has complex ionization
structure or is truncated is whether the AGN with flat spectra
are significantly better fit by including a soft excess component.
However, even with the AGN there are ambiguities. One of the
most promising models for the origin of the variability behavior
of AGN and GBHC has spectral evolution of the Comptonized
component from individual flares. This results in a time av-
eraged spectrum which is significantly curved, similar to the
curvature seen here in Cyg X–1 (Poutanen & Fabian 1999). We
caution that deconvolving the reflected spectrum from more re-
alistic, complex continuum models will have to be done before
we can observationally test whether the truncated disk or com-
plex ionization models give a better description of the data.
5. SUMMARY
In this paper, we have shown that reflected X–ray spectra
from models which include hydrostatic balance for the illumi-
nated gas have very different properties than single zone ion-
ization models. In the former models, due to the thermal ion-
ization instability, the vertical disk structure is almost discon-
tinuous, with a dramatic transition from an extremely ionized
skin on the top to a low–to–moderate ionization material be-
low it. The reflection signature is then a composite of a power
law like spectrum from the extremely ionized material, and a
low–to–moderate ionization reflection siganture from the ma-
8 X–ray irradiated disks
terial below the skin. The constant density reflection models
do not have such a discontinuous behavior. As a result, when
the spectra of hydrostatic balance models are fit with simpler,
single ionization zone models (Done et al. 1992; Magdziarz
& Zdziarski 1995), the physical parameters of the reflector can
be miscalculated by a large factor. The single zone models fit
to the low–to–moderate reflection component, which is weak
even with respect to the incident power law due to scattering
in the ionized skin. But the ionized skin reflection cannot be
reproduced in the single zone models, so this power law like re-
flected component is misidentified with the incident power law.
Since the reflected fraction Ω is proportional to the ratio of the
inferred reflected spectrum to that of the illuminating, then this
further dilutes the “observed” reflected fraction.
This implies that the values of Ω/2pi < 1 often seen in
GBHC and AGN may be an artifact of the constant density re-
flection models used, and need not necessarily mean that the
cold SS disk is truncated at some distance R > 3Rs. Further,
our results also imply that a low value of ionization parameter
(and “neutral” line at 6.4 keV), as found by the single zone ion-
ization models, does not prove that the material is actually cold.
On the contrary, the upper layer of the disk may be completely
ionized and obscure the cold material below. These findings
are in agreement with earlier suggestions of Nayakshin (1999b)
and Ross, Fabian & Young (1999).
In addition, we find an apparent correlation between the
power law index Γ of the X–ray continuum and the reflec-
tion fraction. This correlation is similar to the one reported
by Zdziarski et al., (1999) for AGN and GBHC. We produce
the correlation using only the physical nature of the ioniza-
tion instability for X–ray illuminated gas in hydrostatic bal-
ance. This should operate in all models where the accretion
disk is illuminated by an X–ray source. In particular, other
ways to produce the correlation of the amount of reflection with
Γ such as a moving inner disk edge (e.g. Poutanen 1998) or
with anisotropic illumination by magnetic flares (Beloborodov
1999a,b) will produce even stronger correlations with the in-
clusion of the ionization physics. The only situation where the
instability is unimportant for the observed reflected spectrum is
if the optical depth of the hot layer is always very much less
than unity. However, one clear prediction of the ionization in-
stability is that the steep spectrum AGN should have strongly
ionized reflected spectra, which does indeed seem to be the case
for the narrow line Seyfert 1 class of AGN (although not for
the archetypal extreme relativistic disk object MCG–6–30–15).
Thus it seems likely that the ionization instability is important
in determining the observed reflected spectrum, although it may
operate in conjunction with anisotropic illumination or a mov-
ing disk edge.
We show that reflection from the ionized skin produces a soft
X–ray continuum which can be modeled as a broad soft X–ray
excess, similar to that seen in data from Cyg X–1. Taken to-
gether, our findings revive models for magnetic flares above an
untruncated accretion disk in AGN and GBHCs which seemed
to be ruled out by observations of the small solid angle of the
reflector (see, e.g., the discussion in Done & Z˙ycki 1999). It
seems likely that radial gradients in the ionization structure
should be able to suppress the extreme relativistic iron line
profile from the inner disk, and so lead to the observed appar-
ent truncation of the disk in the low/hard state GBHC and in
some AGN. However, this should be confirmed by further de-
tailed modeling involving complete disk spectra and relativistic
smearing.
Finally, another difficulty in unambiguously determining be-
tween complex ionization structure on a disk which extends
down to the last stable orbit, and a truncated disk, is that the un-
derlying illuminating continuum shape is not well understood.
Continuum curvature can mimic the “soft excess” signature of
complex ionization structure, and is predicted in the truncated
disk geometry, and by models of the variability. Sadly, the ob-
servational constraints on the geometry of the accretion flow
around the black hole in Cyg X–1 still cannot distinguish be-
tween disk/coronae and ADAF models for the X–ray emission.
On the other hand, new data and complete disk calculations
may present better constraints, allowing these very different ge-
ometries (and accretion theories) to be distinguished.
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FIG. 1.— Reflected spectra (left) and temperature profiles (right) for 6 different spectral indices (Γ = 1.5, 1.7 ... 2.5) calculated with the NKK code for a fixed
gravity parameter A = 0.3. Note that for harder spectra, the gas temperature is higher and the ionized skin is thicker. This gives the apparent correlation of Γ and
Ω/2pi shown in Figure 2
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FIG. 2.— The complex ionized disk models of Nayakshin et al. (2000) for A = 0.3 as seen in a 104 second GINGA exposure are fit to a model of a power law
(with exponential cutoff) and a single zone ionized reflection model with separate iron line. The best fit reflected spectral parameters are clearly correlated with the
parameters of the illuminating spectrum. The amount of reflection Ω/2pi increases with spectral steepness, as does its ionization state. The iron line energy and
equivalent width errors are too large to independently constrain the ionization state
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FIG. 3.— The heavy lines show the complex ionization model spectrum for Γ = 1.5. The long dashed line is the intrinsic illuminating spectrum, while the
dash–dot line shows the reflected flux and the solid line is their total. The thin lines show the best fit single zone ionization model components, again with the long
dashed line giving the derived illuminating continuum, the dash–dot line giving the reflected continuum. The doted line is the separate Gaussian line and the solid
line is the total spectrum. The bets fit single zone ionization reflected continuum dramatically underestimates the true reflected spectrum, but the total spectra over
the fitted 2–20 keV range are almost identical
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FIG. 4.— The complex ionization model with Γ = 1.5 fit to the single zone reflector model, together with an additional soft component. The soft component
is strongly required by the “data” (compare the fit statistic in Table 1 and Table 2). It is used to model the excess reflected flux at low energies which cannot be
matched by the fairly low ionization reflector required by the single zone ionization models to match the iron edge and rise to higher energies.
FIG. 5.— The single zone ionization model fit to the observed RXTE PCA spectrum of Cyg X–1. This instrument has similar energy resolution to GINGA, and
0.5 per cent systematic errors are included on the top layer data from PCA detectors 0 and 1. Panel (b) shows the fit including a soft component.
